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Dual-Polarized Near-Field Microwave Reflectometer
for Noninvasive Inspection of Carbon Fiber
Reinforced Polymer-Strengthened Structures
Sergey Kharkovsky, Senior Member, IEEE, Adam C. Ryley, Vivian Stephen, and Reza Zoughi, Fellow, IEEE
Abstract—Carbon fiber reinforced polymer (CFRP) composites
are increasingly being used to strengthen various components of
civil, aerospace, and automotive infrastructures. Subsequent to
the application of CFRP, evaluation of the structural integrity of
the strengthened members becomes a critical issue. Microwave
noninvasive inspection techniques have been successfully used for
this purpose. To this end, a novel near-field microwave inspection
system that employs a dual-polarized reflectometer for detecting
defects, such as disbonds between CFRP laminates and strength-
ened structures, was developed. It is shown that this system is ca-
pable of automatic removal of the influence of undesired standoff
distance (or surface roughness) variations. It can simultaneously
generate three images of a defect: two at orthogonal polariza-
tions and one after the influence of standoff distance variations
is removed using the information provided by the two images.
This paper discusses the unique features of a unidirectional CFRP
laminate that enabled the design of this unique system, as well
as the design of the dual-polarized reflectometer at the X-band
(8.2–12.4 GHz). The detail design of the reflectometer, as well as
the results of several measurements conducted on an actual bridge,
whose members were strengthened with CFRP laminates, are also
presented, illustrating the practical utility of this system.
Index Terms—Carbon fiber reinforced polymer (CFRP),
composites, dual-polarized reflectometer, microwaves, near-field,
noninvasive.
I. INTRODUCTION
CARBON FIBER reinforced polymer (CFRP) compositelaminates are increasingly being used to strengthen civil
infrastructures. For this purpose, unidirectional CFRP compos-
ite laminates are externally bonded to concrete members (such
as bridge bends, girders, support columns, etc.) to provide ad-
ditional flexural, shear, or confining reinforcements based upon
the retrofit deficiency [1]–[3]. Consequently, the quality of the
bond between the CFRP laminate and concrete is extremely im-
portant since an effective transfer of stresses from the concrete
member to the CFRP is only obtained through proper adhesion
between the two. Lack of adhesion results in a disbonding
between the two. Disbonds between the CFRP laminate and
concrete may occur for a variety of reasons, including improper
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application of the CFRP laminate, presence of moisture near the
concrete surface, impact damage, etc. Thus, it is of great interest
to develop a fast, robust, inexpensive, one-sided, noncontact,
real-time, and portable inspection system that is capable of
detecting such disbonds and evaluating their properties, such
as spatial extent [4], [5].
Microwave signals can penetrate inside generally lossy di-
electric materials and interact with their inner structure. Mi-
crowave signals also partially reflect at dissimilar boundaries
in a layered composite, and this information can be used
to detect and evaluate the presence of a disbond [4]. Near-
field microwave noninvasive techniques, utilizing open-ended
rectangular waveguide probes, have demonstrated the ability to
detect defects such as disbonds and delaminations in CFRP-
strengthened cement-based structures using relatively simple
microwave reflectometers [5]–[9]. Unlike ultrasonic testing
methods, near-field microwave methods do not require contact
between the microwave probe and the material under test.
The distance between the open-ended probe and the material
under test is referred to as the standoff distance (or liftoff).
From a practical point of view, the standoff distance is an
attractive feature (i.e., noncontact measurements). However, in
practice, while scanning a sample, the standoff distance may
change due to a local relative tilt between the surface of the
sample under test and the probe, undesired shaking/movement
of the sample or the probe, sample surface roughness and
bulging, etc. Changes in the standoff distance can significantly
influence the properties of the reflected microwave signal from
the sample under test [4], [10]. Consequently, when microwave
images of a sample are produced, indications of subtle anom-
alies such as disbonds and delaminations may be easily masked
from indications associated with the change in the standoff
distance. There are several techniques that may be used to
reduce the undesired influence of standoff distance variations.
One method involves the use of a mechanical (i.e., roller)
system that can keep the standoff distance fairly constant during
the scan. However, this method is ineffective when the sample
under test possesses local surface roughness/bulging that may
be smaller in spatial extent than the inspection area of the
open-ended probe. Moreover, this is no longer a noncontact
measurement. Another method involves measuring the stand-
off distance variation during a scan and then removing its
undesired influence by postprocessing (e.g., subtracting the
effect of the standoff distance variation from the reflected
signal). One way to accomplish this would be to have a
0018-9456/$25.00 © 2008 IEEE
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Fig. 1. Typical geometry of a CFRP-strengthened concrete structure being
inspected by an open-ended waveguide probe that shows surface roughness,
disbonds, and standoff distance variations (not-to-scale).
spring-loaded potentiometer that is in contact with the surface
of the sample; during the scan, a voltage proportional to the
potentiometer resistance is generated, indicating the variations
in the standoff distance during a scan. Such a system was
recently developed and used for inspecting thick glass fiber
reinforced epoxy (GFRP) composites [10]. There are two basic
disadvantages associated with this system, namely: 1) the po-
tentiometer is in contact with the surface of the sample (which
makes the measurements not completely noncontact) and
2) the potentiometer is attached to the side of the open-ended
waveguide probe and, therefore, does not measure the standoff
distance exactly under the probe. These primary disadvantages
are overcome by a novel near-field microwave inspection sys-
tem. This system uses an open-ended square waveguide probe
that is capable of simultaneously producing two orthogonally
polarized signals and a compensation circuit used to automat-
ically remove the undesired influence of the standoff distance
variation [11]. Another additional and important feature of this
system is that the standoff distance information is obtained from
the same exact area that is inspected for disbond presence.
This paper discusses the unique features of a unidirectional
CFRP laminate that enabled the design of this unique system,
as well as the detail design of the dual-polarized reflectometer
at X-band (8.2–12.4 GHz). The results of several measurements
conducted both in the laboratory and on an actual bridge, whose
members were strengthened with CFRP laminates, are also
presented, illustrating the practical utility of this system.
II. UNDERLYING BACKGROUND
CFRP-strengthened concrete structures may have complex
shapes and surface roughness, along with various defects such
as disbonds and impact damages. Fig. 1 shows the geometry of
a typical CFRP-strengthened concrete structure being inspected
by an open-ended waveguide probe that scans the structure in
a 2-D fashion, creating a raster image. The standoff distance
may change during the scanning process due to the complex
shape of the structure (e.g., the “tilted” surface, as shown in
Fig. 1) and/or surface roughness. The latter can be caused
Fig. 2. Schematic of the inspection system with the dual-polarized microwave
reflectometer.
by the surface roughness of the concrete and/or bulging in
the CFRP laminate (as shown in Fig. 1). For strengthening
purposes, CFRP laminates are commonly unidirectional to pro-
vide additional strength in a particular direction. Unidirectional
CFRP laminates are highly anisotropic. An open-ended rectan-
gular waveguide probe transmits and receives linearly polarized
microwave signals. When the microwave signal polarization
vector is perpendicular to the fiber directions, the laminate is
essentially a lossy dielectric sheet, and the signal penetrates
through it and can detect the presence of a disbond. However,
when the fiber directions and the signal polarization vector are
parallel to one another, the signal reflects off of the laminate,
resulting in very little signal penetration. Thus, the reflected sig-
nal in the former case is influenced by the layered properties of
the sample (such as when there is a disbond present), as well as
the influence of the local standoff distance. On the other hand,
the reflected signal in the latter case is only proportional to the
standoff distance and its variations [4]–[8], [11]. Consequently,
one may employ a dual-polarized probe that simultaneously
transmits and receives two orthogonally polarized microwave
signals. In this case, the parallel-polarized reflected signal,
which is proportional to the standoff distance can be used to
remove the influence of changing the standoff distance from
the perpendicularly polarized reflected signal. Consequently, to
accomplish the goals of this investigation, this important feature
was used, and a dual-polarized microwave reflectometer was
developed and successfully tested both in the laboratory and on
a bridge that possesses several adhered CFRP laminates.
III. REFLECTOMETER DESIGN
The dual-polarized reflectometer system was designed and
constructed at X-band (8.2–12.4 GHz). This frequency range
was found to be optimal for the inspection of CFRP-
strengthened structures [5]–[9]. Fig. 2 shows the schematic of
Authorized licensed use limited to: University of Missouri. Downloaded on December 8, 2008 at 13:41 from IEEE Xplore.  Restrictions apply.
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Fig. 3. Schematic of microwave circuits and a square waveguide dual-
polarized probe.
the reflectometer that consists of a computer-controlled 2-D
scanning mechanism, two microwave circuits incorporated into
a dual-polarized square waveguide probe, and a conditioning
circuit (real-time signal processing section) that provides for the
automatic removal of the standoff distance variation. The open-
ended square waveguide probe was chosen for the reflectometer
since it may simultaneously support two orthogonally polarized
dominant TE10 mode microwave signals. In addition, these
two signals irradiate the same area on the CFRP sample and
receive reflected signals from the same area as well. This is
important since standoff distance variation removal will now
correspond to the same exact scanned area. In designing this
reflectometer, two requirements had to be met. First, since
the reflectometer simultaneously transmits and receives two
microwave signals, we had to ensure that the internal coupling
between these two signals is minimal (i.e., maximum isolation
between the two ports). Second, the information obtained from
each polarization was to be effectively combined, enabling the
automatic and real-time standoff distance variation removal
from the perpendicularly polarized data/image.
For the first requirement, considerations must be given to
the feed locations on the square waveguide for each respec-
tive port, as well as the corresponding reflected signal pick
up location. Moreover, additional isolation may be achieved
by operating the two orthogonally polarized ports at slightly
different frequencies. Consequently, several different designs
of the microwave reflectometer circuit and port locations were
considered and tested [8]. The schematic of the final reflectome-
ter design is shown in Fig. 3. Each microwave circuit consists
of a microwave source (S), an isolator (I), a directional coupler
(DC), and a mixer (M). There are two sets of transmitting and
receiving ports (corresponding to the two polarizations), placed
at the orthogonal sides of the square waveguide probe. For each
polarization, portions of the transmitted and reflected signals
are combined in the mixer to produce direct current output
voltages that are primarily proportional to their respective phase
difference. The relative locations of the feed and pickup ports
and the length of the feed elements inside the waveguide were
optimized to provide minimum unwanted coupling and in-
creased internal isolation between the two ports. This was done
in conjunction with the fact that each port operated at different
frequencies since, as mentioned earlier, frequency diversity can
provide for additional isolation between the two orthogonally
polarized ports [8]. To evaluate the coupling between the two
ports, the signal power at one port was measured in the presence
and absence of the signal at the other port. The results of this
measurement showed that when the two ports are operating at
the same frequency, the power associated with the unwanted
coupled signal may be relatively large (> −10 dBm), whereas
when the two ports are operating at different frequencies, the
unwanted coupled power level was less than −30 dBm. For
example, the results of these measurements at four different
frequencies are shown in Table I. As a result, two operating
frequencies, namely, 9.6 GHz for parallel polarization and
11.6 GHz for perpendicular polarization, were selected for the
reflectometer.
The second important design criterion was to use the out-
put signal from the parallel polarization to achieve effective
removal of the influence of standoff distance variations from
the perpendicular polarization data/image. For this purpose, the
dependence of the output voltages, which correspond to the
two orthogonally polarized reflected signals, on the stand-
off distance were measured and analyzed for several CFRP-
strengthened cement-based structures that lead to the design
of the compensation circuit. Fig. 4(a) shows the typical de-
pendence of the measured output voltages on the standoff
distance for an irradiated area of a CFRP–concrete sample
without a disbond. As expected and as can be seen in Fig. 4(a),
the output voltages do not follow a monotonic change as a
function of increasing the standoff distance [4]. However, the
results show that for the standoff distance range of 7–11 mm,
both curves are fairly linear. This is important since, in this
range, the parallel polarization output voltage can be used to
determine the value of the standoff distance and its variation.
Subsequently, when operating in this region, the influence of
the standoff distance variation can be measured and removed
from the perpendicular polarization data/image using a rela-
tively simple compensation circuit. The compensation circuit
first transforms the linear region of the curve for the parallel
polarization data to match the corresponding linear region of the
curve for the perpendicular polarization, as shown in Fig. 4(b).
This transformation is performed using a polynomial equation
that is determined by taking a set of output voltages of the
orthogonal polarizations within the linear region [Fig. 4(a)].
Subsequently, the transformed data are subtracted from the
data that correspond to the perpendicular polarization and,
in doing so, removes the contribution of the reflected signal
from the surface of the sample (i.e., change in the standoff
distance). Then, once a scan is conducted at a standoff distance
within the range of 7–11 mm (a standoff distance of about
8 mm was used here), the influence of the standoff distance
variation from the data that correspond to the perpendicular
polarization will be automatically removed and a compensated
image of the sample, which primarily indicates the presence of
a disbond, is generated. As a result, the system simultaneously
generates, in real time, three images of the defect, namely:
two at orthogonal polarizations and one (compensated image)
after the influence of the undesired standoff distance variation
Authorized licensed use limited to: University of Missouri. Downloaded on December 8, 2008 at 13:41 from IEEE Xplore.  Restrictions apply.
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TABLE I
POWER OF DESIRED AND COUPLED SIGNALS AT DIFFERENT PORTS
Fig. 4. (a) Dependence of the measured output voltage of reflected signals
at the parallel and perpendicular polarization ports on the standoff distance
(vertical dash–dot lines represent the range of standoff distance that corre-
sponds to the linear regions). (b) Original and transformed linear regions of
the dependence at the parallel polarization port.
is removed and only information about the disbond is pre-
served. Consequently, this novel inspection system is capable of
1) detection and evaluation of different types of defects in
CFRP-strengthened structures and 2) reduction of the time
required for data/image postprocessing due to the automatic
removal of the undesired yet invariably present influence of the
standoff distance variation.
Fig. 5. The 2-D scanning mechanism and the microwave reflectometer testing
a tilted CFRP–mortar sample in the laboratory.
IV. APPLICATION
A dual-polarized near-field microwave reflectometer system
was built and tested both in the laboratory and on a bridge that
possesses several adhered CFRP laminates.
A. Laboratory Measurements
CFRP laminates were adhered to several cement-based
samples after curing using a manual lay-up method. During
the lay-up process, several intentionally disbonded regions
were produced in each sample. Sample 1 was a 380 mm ×
520 mm × 90 mm mortar slab adhered with a CFRP lami-
nate. A 60 mm × 80 mm rectangular disbonded region was
produced by inserting a thin sheet of foam between the CFRP
laminate and the mortar substrate. Sample 2 was a 380 mm ×
520 mm × 78 mm mortar slab with several disbonded regions
produced in it by injecting air between the CFRP laminate and
the mortar substrate (i.e., creating a thin airgap between CFRP
and the mortar). The manufactured disbonds varied in size,
geometry, and thickness and ranged in area from approximately
a few to several square centimeters [4]. Some of the disbonds
also bulged up a bit, creating local surface roughness that,
when scanned, would result in a standoff distance variation
around it.
Fig. 5 shows a picture of the 2-D scanning mechanism and
the microwave reflectometer with the dual-polarized square
waveguide probe inspecting sample 1. To better demonstrate
the utility of this system, the sample was intentionally tilted,
with respect to the probe scan plane, to produce a relatively
severe standoff distance variation over the scan area. Fig. 6(a)
shows the schematic of the tilted sample 1 being tested by the
Authorized licensed use limited to: University of Missouri. Downloaded on December 8, 2008 at 13:41 from IEEE Xplore.  Restrictions apply.
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Fig. 6. (a) Schematic of the tilted CFRP–mortar sample with a disbonded
region and the microwave images of the disbonded region (b) at the perpen-
dicular polarization and (c) at the parallel polarization. (d) Compensated image
(dimensions are in millimeters).
square waveguide probe. Subsequently, an area of 140 mm ×
140 mm, which included the disbonded region, was raster
scanned, and its image was produced by recording the raster
output voltages from the two orthogonally polarized ports,
normalizing each data matrix with respect to its highest voltage
value and producing a gray scale image. Fig. 6(b)–(d) shows
the corresponding microwave images of the scanned area.
Dimensions in these images and all subsequent images are
in millimeters. As expected, the disbonded region is clearly
visible in the image for perpendicular polarization [Fig. 6(b)].
However, the indication of the disbonded region is also visible
in the image for parallel polarization [Fig. 6(c)]. The image in
Fig. 6(c) is an indication of the slight surface bulging due to
the presence of the thin foam insert, representing the disbond.
Both images show variations within the disbonded region due to
its nonuniform thickness (representing disbond thickness vari-
ation in one case and standoff distance variations in the other,
respectively). Moreover, both images show a gradual intensity
change from left to right, representing the intentionally induced
standoff distance change over the scanned area due to the
Fig. 7. (a) Microwave compensated image of the disbond generated using the
dual-polarized reflectometer. (b) Boundary of the disbond at the 3-dB level [the
dashed line shows the boundary of the disbond obtained by tap testing method
(dimensions are in millimeters)].
sample tilt. Fig. 6(d) shows the compensated image in which the
effect of the standoff distance variation is completely removed
from the perpendicularly polarized image [Fig. 6(b)]. Fig. 6(d)
clearly shows the disbonded region and indicates the fact that
its thickness is not uniform. Additionally and importantly, the
area surrounding the disbond is fairly uniform [unlike that
in Fig. 6(b)], indicating the utility of this novel method for
effectively eliminating the undesired influence of the standoff
distance variation from the perpendicularly polarized image. It
must also be noted that the dimensions of the disbonded region
associated with its image in Fig. 6(d) corresponded well with its
actual dimensions. This is one of the more important attributes
of near-field microwave imaging [4]. To further illustrate this
capability, the following experiment was performed. Using
this reflectometer, images of several disbonds with different
sizes and shapes were produced, and the disbond boundaries
indicated by the respective compensated images were compared
with the results of tap testing, which can closely indicate the
boundaries of a disbond. The compensated image of one of
the disbonds in sample 2 is shown in Fig. 7(a). The results
show that the shape of this disbond is complex, whereas its
exact boundary is not clear. Fig. 7(b) shows the boundaries
of this disbond, corresponding to the 3-dB intensity level of
the image, and from tap testing (dash line). The results clearly
indicate that compensated images of disbonds can provide
a close estimate of their boundaries. This is an important
feature when considering repair of disbonded areas, which is
commonly accomplished by injecting epoxy into the disbonded
region [4].
B. In-Field Measurements
In-field inspection and monitoring of CFRP-strengthened
concrete members was conducted on an actual bridge [7].
Several 600 mm × 600 mm CFRP patches were bonded to
the abutment and the bent members of a bridge located in
Dallas County, MO, USA. A number of artificial disbonds
Authorized licensed use limited to: University of Missouri. Downloaded on December 8, 2008 at 13:41 from IEEE Xplore.  Restrictions apply.
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Fig. 8. The 2-D scanning mechanism and the microwave reflectometer testing
CFRP patch bonded to (a) the bent and (b) the abutment of a bridge.
were manufactured in them by injecting air between the CFRP
patches and the concrete members. The bonded CFRP patches
in the abutment were used only as a reference since this part
of the bridge is not usually strengthened by CFRP laminates.
Moreover, the disbonds produced in the bent were thinner than
the disbonds produced in the abutment (i.e., not visible and
difficult to detect). Fig. 8 shows two of the patches tested by
the reflectometer: one in a bent and the other in the abutment,
respectively. Half of the bent patch was painted, as can been
seen in Fig. 8(a). This was done to visually blend in the
presence of the patch into the natural color of concrete. The
white spots on the surface of the abutment patch [Fig. 8(b)] are
paint spots used as a reference grid for another investigation.
Fig. 8(a) and (b) also shows the three images produced by the
system (shown on the laptop display). Close-up views of these
images are shown in Figs. 9 and 10, respectively. Fig. 9 shows
the microwave images of the 260 mm × 360 mm scanned area
of the bonded CFRP patch on the bent, and Fig. 10 shows the
microwave images of the 260 mm × 320 mm scanned area of
the bonded CFRP patch in the abutment. The results show that
the image from the bent patch at perpendicular polarization is
more nonuniform than the image of the abutment patch. This is
due to the fact that, as mentioned earlier, the disbonds produced
in the bent were thinner than the disbonds produced in the
Fig. 9. Microwave images of a CFRP patch at the bent. (a) At the perpen-
dicular polarization. (b) At the parallel polarization. (c) Compensated image
(dimensions are in millimeters).
abutment, and the influence of the standoff distance variation
was also relatively more significant. The dark indications in
the perpendicular polarization image in Fig. 10(a) represent two
different disbonds. The indications of the slight surface bulging
due to the presence of air between CFRP and concrete are
also clearly visible in the image for parallel polarization [bright
indications in Fig. 10(b)]. The compensated images [shown in
Figs. 9(c) and 10(c)] clearly indicate the disbonds, as well as
the local nonuniformity associated with them. The locations
and sizes of the detected disbonds, which are indicated by
these compensated images, agreed well with their locations
and sizes on the bonded CFRP patches and were corroborated
by tap testing. These results clearly show the effectiveness
of this novel reflectometer and inspection method for detect-
ing and evaluating disbonds in CFRP-strengthened structural
members.
V. SUMMARY
Defects in the form of disbonds and delaminations in CFRP-
strengthened composite structures can significantly reduce their
strengthening effectiveness. Microwave noninvasive inspection
methods are viable candidates for life-cycle inspection of
the CFRP-strengthened concrete structures. A novel near-field
microwave inspection system, consisting of a dual-polarized
open-ended square waveguide probe, has been designed and
Authorized licensed use limited to: University of Missouri. Downloaded on December 8, 2008 at 13:41 from IEEE Xplore.  Restrictions apply.
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Fig. 10. Microwave images of a CFRP patch at the abutment. (a) At the
perpendicular polarization. (b) At the parallel polarization. (c) Compensated
image (dimensions are in millimeters).
extensively tested for this purpose. Since near-field microwave
measurements are sensitive to variations in the standoff dis-
tance, this system incorporated the anisotropic nature of uni-
directional CFRP laminates by simultaneously producing two
orthogonally polarized images and compensating for real-time
variations in the standoff distance. The system was extensively
tested in the laboratory and finally on a bridge. The results
clearly illustrated the utility of this system for this type of
inspection. The microwave images produced using this system
provided for a close estimate of the dimensions of disbonded
regions. The system is small, robust, real-time, and inexpensive
and provides for a significant amount of useful information
about the nature of an anomaly (e.g., size, location, etc.) without
the need for complex image processing.
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